This paper computes a quality adjusted price index for the personal computer CPU from 1996 to 2000. The index is based on the pure characteristics demand model. I …rst compute the quality adjusted price index for the whole market, and show that it is very comparable with the hedonic price index but more sensitive to changes in product quality. Two types of the hedonic index are considered. One is the dummy variable index and the other is the formulation in Pakes (2003). When I group consumers by their willingness to pay for attribute improvement, the index shows consumer groups are di¤erently a¤ected by their product choices. JEL classi…cation numbers: C43, D60, L63, O30
INTRODUCTION
This paper computes a price index in the computer processing unit (CPU) market using the pure characteristics demand model (PCM hereafter) developed by Berry and Pakes (2007) . The index is constructed using the compensating variation from an estimated utility function. The index constructed in this way is called the quality adjusted price index or the cost of living index (Trajtenberg 1990; Nevo 2003 .)
The quality adjusted price index has been computed for the CT scanner (Trajtenberg 1990 ), the automobile (Pakes, Berry, and Levinsohn 1993), and the ready-to-eat cereal (Nevo 2003) . However, all of these studies use the (random coe¢ cient) logit demand model, which has the idiosyncratic logit error term in the utility function (Berry, Levinsohn, and Pakes 1995) .
In the PCM the compensating variation captures surplus changes solely related to product characteristics, and consumer heterogeneity and product choice are fully described by random coe¢ cients on product characteristics.
I also compute the hedonic price index for comparison. I consider two types of the hedonic index.
One is the dummy variable index that is based on coe¢ cients on the time dummy variables in the hedonic regression (Griliches 1971 .) The other is the formulation in Pakes (2003) (the Pakes index hereafter) that provides the upper bound on the quality adjusted price index. Trajtenberg (1990) argues that the quality adjusted price index captures changes in product quality more accurately in any cases, while the use of the hedonic price index is justi…ed for the case where quality changes result from process innovation.
Exploiting the advantage of having the estimated utility function, I group consumers according to their willingness to pay for attribute improvement and compute the index for consumer subgroups. Consumers are heterogeneous in two aspects. First, they di¤er in their willingness to pay for quality improvement, mainly measured by the processing speed. Second, they di¤er in their valuations on capacity of extra data storage inside the processor (the level 2 cache.)
The group index captures welfare changes consumers experience from particular products that they purchase. For example, in a market with vertically di¤erentiated products, consumers endowed with low values of the random coe¢ cient buy high quality products. When new products of improved quality are introduced, they experience di¤erent price changes compared to consumers who buy low quality products (i.e., those with high values of the random coe¢ cient.)
Using product-level data for the personal computer CPU from 1993 to 2000, I …rst compute the quality adjusted price index for the whole market in the one random coe¢ cient PCM. The biggest decline occurs in the second and the third quarters of 1998 with 34 % and 32.8 % declines respectively. These are periods when Intel, a dominant manufacturer of the CPU, slashed price to recover its decreasing market share. The smallest decline occurs in the …rst quarter of 1999 and in the third quarter of 2000 with 1.4 % and 6.7 % declines respectively. From the second quarter of 1999 to the second quarter of 2000, the index steadily decreases by 20 28% thanks to a rapid increase in the processing speed and stable introductory prices for new products.
In the two random coe¢ cient PCM the market index shows that consumers gain much more than in the one random coe¢ cient model when new products are introduced at the low end of the market. For example, in the …rst quarter of 1999 a half of new products were introduced at the low end of the market.
While the index in the one random coe¢ cient model declines by 1.4 %, it declines by 41.2 % in the two random coe¢ cient model. This is because the one random coe¢ cient model averages out welfare gains from these new products.
The comparison with the hedonic price index shows that the two indices are very comparable, but also shows that the quality adjusted price index is more sensitive to changes in product quality. Di¤erences are prominent when new products are introduced, and when prices of existing products fall without new products being introduced.
The group index shows that price changes are signi…cantly di¤erent across groups. For example, in the second and the third quarter of 1998, periods with the biggest index declines, consumers who bought new products experienced more than a 40 % decline, while consumers who bought the lowest quality products experienced less than a 10 % decline. The group index also shows that the larger price decline in the two random coe¢ cient PCM in the …rst quarter of 1999 is driven by consumers at the low end of the market.
THE MODEL

Consumer Demand
Suppose I observe t = 1; :::; T markets, and in each market there are N t consumers. Given market t; the indirect utility of consumer i from purchasing product j is
where x jt is a vector of observable characteristics of product j; i represents a marginal utility that consumer i derives from product characteristics, p jt is the price of product j; and i is the individual-speci…c price coe¢ cient. t is the mean utility of unobservable characteristics at period t; 4 jt is a detrended unobservable characteristic with E 4 jt = 0, and 0t represents the utility of choosing the outside option.
This demand model is called the pure characteristics demand model, since it does not have the additive idiosyncratic taste component (Berry and Pakes 2007 .) The simplest version of PCM is so called the vertical model in which there is only one random coe¢ cient. In the vertical model consumers agree on product quality but di¤er in their willingness to pay for quality improvement (Bresnahan 1987; Shaked and Sutton 1982; Berry 1994 .) The consumer consensus on the ranking imposes a substitution pattern that only products in the adjacent "neighborhood" are substitutes for each other. However, more random coe¢ cients can be added to product attribute variables. With multiple random coe¢ cients, the consensus on the product ranking does not hold any more, and a substitution pattern becomes more ‡exible.
As in all discrete choice models, the utility from the outside option and the mean utility of unobserved characteristics cannot be separately identi…ed without further assumptions. If the value of the outside option is assumed to be zero, i:e:; 0t = 0; for all periods, time dummy variables identify changes in the mean value of unobservable characteristics over time. On the other hand, if the mean value of unobservable characteristics is assumed to be zero, i:e:; t = 0; for all periods, then the same time dummy variables identify changes in the utility from the outside option. Pakes et al. (1993) propose another identifying assumption that on average unobservable characteristics of continuing products do not change over time, where continuing products are de…ned as products that exist in both periods of t 1 and t: Then, a change in the utility from the outside option can be identi…ed from the mean di¤erence between ( jt 0t ) and ( jt 1 0t 1 ) of those continuing products (see Song (2007) for details.)
Construction of the Quality Adjusted Price Index
The quality adjusted price index is computed using the compensating variation. For the discrete choice
Assuming that changes in prices from period t 1 to t take the form p jt = (1
, that is, the distribution of prices moves leftward by a factor of (1 t ) but the variance remains the same, Trajtenberg (1990) shows that a quality adjusted price index can be computed as
where t = CV t = CV t + p t and P I 0 = 100: CV t = CV t =N t and p t is the average price of products in period t: 1 (1 t ) p t can be interpreted as the reservation price that would make the consumer indi¤erent between the set of improved products in period t and the older set in t 1. In other words, if the products in t were "o¤ered at an average price of 1 (1 t ) p t + " (for any small " > 0), the consumer would prefer to have the older set instead" (Trajtenberg 1990 , p. 33).
Exploiting the structure of the utility function, I go one step further and construct the quality 
a consumer with a low value of i always buys a higher quality, or equivalently a more expensive, product than a consumer with a high value of i : As a result, these two types of consumers experience di¤erent welfare changes over time, and the price index for each group re ‡ects this di¤erence.
In the case of the one random coe¢ cient model, consumers can be divided into ten groups if the ten percentiles of i are chosen, …ve groups if the twenty percentiles of i are chosen, and so on. If the utility function has two random coe¢ cients, consumers will be grouped along with two dimensions of their preferences, and divisions on each dimension are determined by values of each random coe¢ cient.
Given a consumer group I g ; CV it is summed over consumers belonging to I g to obtain
and the quality adjusted price index for I g is computed as
where gt = CV gt = CV gt + p gt with CV gt = CV gt =n g : p gt is the average price of products that consumers in this group purchase in period t:
It is not the unique feature of the PCM that consumers are grouped by values of random coe¢ cients.
In the random coe¢ cient logit demand model (BLP), one can also construct the group index. However, the implication of this index is di¤erent due to the idiosyncratic logit error term. Consider BLP with i as the only random coe¢ cient. There are two sources of consumer heterogeneity. One is i and the other is the idiosyncratic taste term (" ijt ) that is independent across consumers, products and time.
There are two ways of grouping consumers in this case. The …rst way is to group consumers by the value of i and then draw i:i:d: random variables from G (") to independently assign them to each consumer every period. However, this can be problematic as consumers in the same group can make totally di¤erent purchase decisions over time due to i:i:d: " ijt : A consumer who buys the most expensive product in period t may buy the least expensive one in period t + 1; and one may question implications of this group index.
The second, maybe a more reasonable, way is to group consumers by the value of i and compute the expected welfare changes. However, all consumers have a non-zero probability of buying a given product.
Therefore, impact of product entry/exit is not as signi…cantly di¤erent across groups as in the PCM, so it is much less meaningful to construct the group index in the model with an idiosyncratic error term. Its main idea is to adjust income such that consumers can buy the same bundle available in a base period at prices of a comparing period. This income adjustment is an upper bound of true compensating variation.
Comparison with Hedonic Price Index
When product quality improves without signi…cant increases in price, money is taken away until the consumer is moved back to a consumption bundle in the base period, and the amount taken is less than to move her to the base period utility level. So the Pakes index is supposed to be no higher than the quality adjusted index in an absolute term in this case.
Unfortunately I cannot construct the exact Pakes index with my data set. To construct this index the price hyperplane should be estimated in the hedonic space for each period, but I do not have enough observations to do this. So I impose a constraining assumption that all periods share the same constant and error terms. This makes the estimated hyperplane less ‡exible than that of the Pakes index, but still allows me to apply it to my data set. I call this index the constrained Pakes index.
In particular, I …rst run the hedonic regression with processor speed and processor speed interacted with the time dummy variables. The constant term and dummy variable for smaller level 2 cache are included but not interacted with the time dummy variables. The price hyperplane for period t is estimated by h t (c t ) = X t b t . When the log of price is used as the dependent variable, h t (c t ) = exp X t b t exp 0:5b 2 where b 2 is a consistent estimate of the variance of the error term. The average compensating variation for
where h t+1 (c t ) = X t b t+1 and q jt is the quantity of product j sold in period t: h t+1 (c t ) denotes the price hyperplane for a consumption bundle of period t at prices of period t + 1:
THE PRICE INDEX IN THE CPU MARKET
Estimates of the Demand System
The data used in estimation consists of price, quantity sold, and characteristics of products of Intel and AMD from the second quarter of 1993, the …rst period in which Intel introduced Pentium processors, to the third quarter of 2000. Main characteristics are the processing speed in mega hertz (MHz) and the capacity of the level 2 cache which is extra memory storage inside the processor. The level 2 cache enables the processor to speed up computation by reducing a communicating time between the processor and the main memory chip outside the processor. Usually Intel and AMD produce two sizes of the level 2 cache, and there is a signi…cant price di¤erence between the two types. The appendix describes the data used in demand estimation.
I use the second quarter of 1996 as the base period in reporting all price indices. This is mainly to eliminate the role of 386 and 486 processors in comparing the quality adjusted index with the hedonic index.
In that period Intel stopped producing 386 and 486 processors, and since then their market share remained under 5% until they disappeared in the third quarter of 1997. These processors are treated as the outside option in demand estimation due to no data on price. The quality adjusted price index is sensitive to this treatment as the utility of buying a product is in a relative term to that of choosing the outside option. The hedonic index is less sensitive as it only considers prices of products sold. Table 1 shows market trends during the sample periods. First of all, product quality, measured by the processor speed, improved signi…cantly. The …rst column shows that the (quantity weighted) average speed increased from 137 MHz to 701 MHz in less than …ve years. This is more than a 500 % increase.
The maximum speed rapidly increased in the late 1990s. The average lifetime of the CPU was about eleven quarters before 1998, and shortened to …ve quarters afterwards with higher rates of product introduction and obsolescence.
Secondly, despite the drastic change in product quality, the price distribution in each period did not change signi…cantly. The third and fourth columns in Table 1 shows that the (quantity-weighted) average price has declined slightly. The price of new products has been stable. The …rst Pentium Pro and the …rst Pentium II processors, introduced in 1995 and 1997 respectively, were marketed at higher than $1,000.00, but the subsequent new products were never priced at higher than $1,000.00.
Lastly, the last two columns of Table 1 shows that the market expanded. More consumers bought the CPU as its quality improved and price went down. There are a few periods where the total quantity went down compared to the previous period, but the market expanded by about 260 % in less than …ve years. This suggests that consumers prefer new products increasingly over time.
Considering all these trends, one may conclude that consumers are better o¤ with improved and cheaper CPUs. However, it is not trivial to measure how much they are better o¤ with product quality changing drastically over time. Table 2 shows estimates of the PCM. The estimation procedure is explained in details in Song (2007 Song ( , 2008 . Observable characteristics include the processor speed (Speed), the processor speed squared Speed 2 , and the dummy variable for a smaller capacity of the level 2 cache (N o_Cache) in the …rst speci…cation, and the log of the processor speed (log (Speed)) and the dummy variable for a smaller capacity of the level 2 cache in the second speci…cation. The dummy variables for quarters are included in all speci…cations, but are not reported in the table.
In the one random coe¢ cient model, the random coe¢ cient is put on the price variable, and is assumed to be distributed log normal with the location parameter …xed at 0, i:e:; log ( ) N (0; 1 ). This model imposes that consumers agree on the ranking of product quality but di¤er in their willingness to pay for quality improvement. In the two random coe¢ cient model, another random coe¢ cient is put on the dummy variable for a smaller level 2 cache, and is assumed to be distributed normal, i:e:; is N ( s ; ).
In this model consumers evaluate product quality in two aspects. One is whether a processor has a larger level 2 cache, and the other is the overall quality in terms of all other characteristics, mainly the processing speed.
Each model is estimated with two speci…cations. The …rst speci…cation uses Speed and (Speed) 2 ;
and it shows that product quality is a concave function of the processor speed. Both Speed and (Speed) 2 are signi…cant at the 5% signi…cance level. In the second speci…cation, log (Speed) is used instead of Speed. By using the log, I restrict product quality to increase monotonically with the speed. log (Speed) is signi…cant at the 5% level, and also shows that a higher processor speed is less appreciated over time.
In the two random coe¢ cient model the average consumer is willing to pay $200 $400 for putting the level-2 cache into the processor, while in the one random coe¢ cient model the average consumer is willing to pay $80 $110. The willingness to pay in the former model is more consistent with price di¤erences between products of di¤erent sizes of the level-2 cache.
The variance of is is signi…cant, meaning that consumers endowed with the same i value the level-2 cache di¤erently. The one random coe¢ cient model does not re ‡ect consumer heterogeneity on the level-2 cache by forcing products to be di¤erentiated on the single dimension. Adding another random coe¢ cient enriches the model by allowing consumers to be heterogeneous in multi-dimensions. This di¤erence between the two models will be more clearly demonstrated in the quality adjusted price index for di¤erent consumer groups.
As mentioned earlier, the coe¢ cients on time dummy variables capture a mixture of changes in the mean utility of unobservable characteristics and in the value of the outside option. One cannot separate these two without assumptions. I use three di¤erent assumptions and compare results.
The Price Index for the Whole Market
I …rst compute the quality adjusted price index using the one random coe¢ cient PCM. I use the …rst speci…cation in Table 2 . Table 3 lists price changes that the average consumer experiences ( t ) under di¤erent assumptions on the outside option and unobservable characteristics. The average consumer is the one whose i is equal to the mean. The price index (P I t ) is also reported with the second quarter of 1996 as the base period. t multiplied by 100 gives a percentage change in price from period t 1 to period t and
Following Nevo (2003), I …rst assume that the value of the outside option does not change over time For each assumption on the time e¤ect I assume that unobservable characteristics change over time (4 jt Change) and that they do not (4 jt Fixed ). In the former assumption all residuals are interpreted as unobservable characteristics. The latter allows for measurement error in estimating product quality with a linear function of characteristics. In this case 4 jt is …xed at the …rst period value for each product. Note that the motivation for the assumptions on 4 jt is not the same as in Nevo (2003) : The well known problem of red bus and blue bus is not relevant to the PCM as it does not have an idiosyncratic taste term. Table 3 shows that the index increases in about a half of time periods when the value of the outside option is …xed, and at the end of the sample period consumers become worse o¤. The assumption on 4 jt makes a signi…cant di¤erence so that change in the compensating variation is much smaller when 4 jt is …xed. However, the index still increases by more than two folds at the end of the sample period. The On the other hand, the index continuously declines when u t 0 changes over time, and it goes down below two at the end of the sample period. This is more consistent with the observed market trend. The index tends to go down further when 4 jt is …xed. However, the assumption on 4 jt does not make a signi…cant di¤erence as much as when u t 0 is …xed.
In the columns labeled u t 0 Identi…ed, the value of the outside option is identi…ed using the assumption that on average product quality of the continuing products does not change over time. Song (2007) uses this assumption and shows that the estimated outside option increases and the mean of unobservable characteristics decreases in the late 1990s. The index is similar to when t is …xed (u t 0 Change), but declines less rapidly. That is probably because the improvement in the outside option is exaggerated when t is …xed. Table 4 lists the quality adjusted price index in the two random coe¢ cient PCM. The value of the outside option is identi…ed using the same assumption as for u t 0 Identi…ed in Table 3 . The two indices are signi…cantly di¤erent for periods after the third quarter of 1998. The index declines faster with two random coe¢ cients so that it goes down to 0.9 at the end of the sample period. Most notably, in the …rst quarter of 1999 the index declines by 41.2 % in Table 4 , while it declines by 1.4 % in Table 3 . This is the …rst period in which Celeron processors captured considerable market shares. Although Celeron processors were …rst introduced in the third quarter of 1998, their market shares were tiny and only two Celeron processors were introduced. Moreover, one of two Celeron processors disappeared from the market in the last quarter of 1998. However, about four out of ten Intel processors are Celeron processors from the …rst quarter of 1999. The bene…t consumers receive from these new products does not appear when products are ranked on a single dimension, but becomes signi…cant with another random coe¢ cient. Table 5 The comparison also shows that the second speci…cation of the dummy variable index (the second column) is more similar to any of the Pakes indices than the …rst speci…cation. Their squared mean di¤erence is only 0.004, while it is about 2.3 with the …rst one. It also shows that the second speci…cation of the dummy variable index tends to produce a higher number than the Pakes index in an absolute term. It is true for all periods from the …rst quarter of 1998 to the end of the sample period.
It is hard to make analytical comparison between the dummy variable index and the Pakes index due to the former index's lack of theoretical foundation, but my results give stronger support to the Pakes index. The dummy variable index produces dramatically di¤erent numbers depending on the econometric speci…cation, and it is not clear which speci…cation should be chosen.
In the last two columns of the table I list the quality adjusted price index with the value of the outside option identi…ed. As explained earlier the Pakes index is supposed to be no higher than the quality adjusted index in an absolute term if both the utility function and the price hyperplane are precisely estimated.
The table shows that the quality adjusted index is almost always higher in an absolute term. At least one of the quality adjusted indices is higher than both of the Pakes indices in eleven quarters out of seventeen. In eight quarters out of these eleven quarters both of the quality adjusted indices are higher than both of the Pakes indices. In two quarters, the …rst quarter of 1997 and the fourth quarter of 1997, one of the quality adjusted indices is higher than one of the Pakes indices. Only in four quarters, both of the Pakes indices are higher than both of the quality adjusted indices.
A quarter-by-quarter comparison suggests that the quality adjusted index gives more weight to quality changes, and this may be the main reason why the Pakes index is higher in some quarters. For example, in the third quarter of 1997 the quality adjusted index goes down by about 20 %, while the Pakes index goes down by about 30 %. This is a period right after the introduction of the …rst Pentium II processor.
This processor was introduced at almost $2,000 and then its price dropped to below $1,000 in the next period.
Comparing these two periods, the Pakes index declines much more in the third quarter of 1997, while the quality adjusted index declines more in the second quarter of 1997. 
The Price Index for Groups
In Table 6 I report the quality adjusted price index for …ve consumer groups. They are grouped according to their values of i ; where log ( i ) N (0; 0:89) ; so that I j includes consumers whose i are in the j th quintile of the distribution. Consumers in I 1 include those who buy the highest quality products and consumers in I 5 include those who buy the lowest quality products and who do not buy any product. The value of the outside option is identi…ed by the aforementioned way.
The table shows that each group experiences a di¤erent degree of price changes. For example, in the second and the third quarter of 1998 when the index for the whole market (the market index) falls by more than 30 %, consumers in I 1 (the high end) experience more than a 40 % drop, while those in I 5 (the low end) experience less than a 10 % drop. This suggests that a large decline in the market index was caused by new product introduction at the high end of the market.
The table con…rms that the introduction of 300 MHz Pentium II processor in the second quarter of 1997 bene…ts consumers considerably despite its high price. The index falls by 36 % for I 1 in this period.
However, in the third quarter of 1997 the index falls by only 16.3 % for the same group despite an almost 50 % price decline. Considering the fact that no new products were introduced in this period, this suggests that consumers bene…t more from the quality improvement than from the price decline.
The table also con…rms that the high end market is responsible for a modest decline in the market index in the fourth quarter of 1998, while the low end market is responsible for a modest decline in the …rst quarter of 1999. In the former period consumers in I 1 experience an increase in the index, while consumers in I 5 experience a 36.3 % decline. In the latter period consumers in I 5 experience an increase, while consumers in I 1 experience a 22.9 % decline.
In the third quarter of 2000 both the high and the low ends are responsible for a modest decline in the market index. Consumers in I 1 experience a 10.8 % decline and those in I 5 experience a 0.1 % decline.
A steady decline of the market index from the second quarter of 1999 to the second quarter of 2000 is evenly contributed by all sectors of the market.
One should note that the presence of t in the utility function may cause a problem in computing the group index. t measures the mean value of unobservable characteristics of all products in period t;
and its value changes by both product entry/exit and changes in unobservable characteristics of continuing products. The following example shows how product entry/exit may distort the group index in presence of t :
Suppose, as an extreme case, unobservable characteristics of individual products do not change over time once they are introduced in the market. Suppose further that no new products are introduced at the high end of the market in period t and some products at the low end with relatively better unobservable characteristics exit the market at the end of period t 1: For a group of consumers at the high end, the quality adjusted price index should merely depend on price changes. If this group buys the same products that they bought in period t 1 and prices does not change, the quality adjusted price index should not change either. However, since t goes down due to the product exit at the end of period t 1; it will unjustly lower these consumers'surplus, and so result in an increase in the price index.
The fourth quarter of 1998 is a good example. According to Table 6 , consumers at the high end experienced an increase in the index. This is a period where no new products were introduced and six products exited the market. Since unobservable characteristics of the continuing products are assumed not to change over time, an increase in the index means that nominal prices of existing products went up.
However, prices of the high end products actually decreased. A real cause of the index increase may come from a decrease in t ; which may be irrelevant of the high end products.
To address this issue I compute the index after subtracting the estimated t from product quality.
Although most of periods are not considerably a¤ected, the exclusion of t lowers the index for I 1 when no new products are introduced. In the fourth quarter of 1998 the index for I 1 changes from a 44.7 % increase to a 34.7 % increase and the index for I 2 changes from a 2.1 % decline to a 5.4 % decline. In the third quarter of 2000, another period without new products, the index for I 1 changes from a 10.8 % decline to a 18.7 % decline.
Another interesting period to compare is the …rst quarter of 1999. This is a period with six new product entries and one product exit, and the index for I 1 changes from a 22.9 % decline to a 37 % decline without t . The index for other groups also declines signi…cantly by excluding t : This suggests that unobservable characteristics of new products in this period are relatively worse than those of existing products.
In this case, the index for consumers at the high end is distorted by dropping t . Nevertheless, it is hard to predict how the exclusion of t will a¤ect the group index generally since product entry and exit take place at the same time for most of periods.
One should note that the index for I 1 in the fourth quarter of 1998 still increases even with t excluded. There are two plausible explanations. One is that unobservable characteristics of continuing products change over time. In other words, unobservable characteristics of a new product introduced in the previous period became so much worse in this period that consumers who bought this product became worse o¤ despite a price decline. The other explanation is that the assumption that product quality linearly depends on product characteristics may not be appropriate to fully capture relationship between characteristics and product quality. Table 7 reports the quality adjusted price index for consumer groups in the two random coe¢ cient PCM for some selected periods. Consumers di¤er in their willingness to pay for quality improvement mainly measured by the processing speed ( i ), and di¤er in their valuations on capacity of the level 2 cache ( is ).
As a result, those who have the same value of i may purchase di¤erent products because of di¤erent values of is :
In the table consumers are divided into …fteen groups according to their values of i and is : Groups in the upper rows prefer a larger capacity of the level 2 cache and groups in the left columns prefer products of higher overall quality. The table starts with the second quarter of 1998, one period before the introduction of Celeron processors, so the index in this period is the same across rows. In the following period the index in the third row is much lower than those in the …rst two rows, showing that consumers who do not care much about capacity of the level 2 cache become much better by Celeron processors.
In the fourth quarter of 1998 when Intel withdrew one Celeron processors (out of two) from the market, some groups in the third row became worse o¤. However, with a new line of Celeron processors introduced in the following quarter all groups in the third row experience a considerable decline in the index.
This explains the di¤erence between Table 3 and Table 4 for the …rst quarter of 1999. The table also shows that a relatively modest decrease in the market index for the third quarter of 2000 is related to consumers who purchase Pentium processors.
CONCLUSIONS
Using the pure characteristics demand model I compute the quality adjusted price index for the CPU market.
The index goes down by more than 25 % when quality improves without a price increase. It goes down by less than 10 % when no new product is introduced. It is comparable with the hedonic price index, but more sensitive to quality change.
I group consumers according to values of the random coe¢ cients and compute the group index. In the one random coe¢ cient PCM consumers only di¤er in their willingness to pay for quality improvement. In the two random coe¢ cient model consumers also di¤er in their willingness to pay for extra memory storage inside the processor. The group index shows how each group is a¤ected by product entry and exit.
One caveat is that the index is based on a static demand model. This means that all consumers enter the market every period and buy at most one product. If they do not buy at all, it means that they decide not to own any product. This implies that the utility of products lasts for only one period. However, consumers purchase durable goods intermittently. Some consumers already own products and decide whether to replace them with new ones.
A more proper price index should incorporate the durable good feature. If a consumer purchases a product for replacement, the index should be based on a utility di¤erence between buying a new product and using her "old" product. A dynamic demand model that explicitly models a replacement decision is necessary to construct an index for durable goods. b The price coe¢ cient, ; is distributed log normal with mean set to zero; i.e., log ( ) N (0; ) signi…cant at the 5% level. Note: The reported indexes are based on the …rst column in Table 2. a t multiplied by 100 gives a percentage change in price from period t 1 to period t. b P I t = (1 t ) P I t 1 : 96Q2 = 100: c The value of the outside option is identi…ed with the assumption that on average 4 jt of the continuing products does not change. Note: The reported indexes are based on the third column in Table 2 . The value of the outside option is identi…ed with the assumption that on average 4 jt of the continuing products does not change.
a In U.S. dollars b t multiplied by 100 gives a percentage change in price from period t 1 to period t. c P I t = (1 t ) P I t 1 : 96Q2 = 100 a The dummy variable index is calculated as P I t = t t 1 = t 1 when the dependent variable is price and P I t = exp t t 1 1 when the dependent variable is the log of price, where t is a coe¢ cient on the dummy variable for period t: p denotes price and X denotes product characteristics which include the constant term, speed, speed squared, and the dummy variable for smaller capacity of the level-2 cache. The time dummy variables are included in both speci…cations.
b The constraining assumption is that all periods share the same constant and error terms. The index is constructed by t = g CV t =( g CV t + p t ) where g CV t is the upper bound of the average compensating variation. See the text for how g CV t is estimated. p denotes price and X denotes product characteristics which include the constant term, speed interacted with the time dummy variables, speed squared interacted with the time dummy variables, and the dummy variable for smaller capacity of the level-2 cache. Table 2 . Consumers are grouped such that I j includes consumers whose i are in the j th quintile of the distribution. The value of the outside option is identi…ed with the assumption that on average 4 jt of the continuing products does not change. a gt multiplied by 100 gives a percentage change in price for group g from period t 1 to period t. Note: The reported indexes are based on the third column in Table 2 . Groups in the upper rows prefer a larger capacity of the level 2 cache and groups in the left columns prefer products of higher overall quality. The value of the outside option is identi…ed with the assumption that on average 4 jt of the continuing products does not change.
a gt 100 gives a percentage change in price for group g from t 1 to t.
